The prominent role of voltage-gated sodium channel 1.7 (Nav1.7) in nociception was revealed by remarkable human clinical and genetic evidence. Development of potent and subtypeselective inhibitors of this ion channel is crucial for obtaining therapeutically useful analgesic compounds. Microproteins isolated from animal venoms have been identified as promising therapeutic leads for ion channels, because they naturally evolved to be potent ion channel blockers. Here, we report the engineering of highly potent and selective inhibitors of the Nav1.7 channel based on tarantula ceratotoxin-1 (CcoTx1). We utilized a combination of directed evolution, saturation mutagenesis, chemical modification, and rational drug design to obtain higher potency and selectivity to the Nav1.7 channel. The resulting microproteins are highly potent (IC 50 to Nav1.7 of 2.5 nM) and selective. We achieved 80-and 20-fold selectivity over the closely related Nav1.2 and Nav1.6 channels, respectively, and the IC 50 on skeletal (Nav1.4) and cardiac (Nav1.5) sodium channels is above 3000 nM. The lead molecules have the potential for future clinical development as novel therapeutics in the treatment of pain. □ S This article contains supplemental Tables S1 and S2 and Figs. S1-S6. 11 The abbreviations used are: SUMO, small ubiquitin-like modifier; r.m.s.d., root mean square deviation; PDB, Protein Data Bank.
Ion channels are an important class of targets for drugs with critical clinical need. Not only do channelopathies underlie a wide variety of human disorders, such as pain, cardiac arrhythmias, skeletal muscle myotonia, paralysis, epilepsy, cystic fibrosis, as well as other neurological diseases, but modifying ion channel function is a useful clinical intervention strategy in states such as pain, even when there is no known underlying defect in ion channel function. Pain represents a major global health issue and its management is still far from optimal. Consequently, there is a significant unmet clinical need for new analgesics with higher efficacy and reduced side effects (1) .
Ample clinical and genetic evidence in humans has established the voltage-gated sodium channel 1.7 (Nav1.7) as a major player in peripheral pain pathways. Although loss-of-function mutations in Nav1.7 lead to complete inability to perceive pain (2, 3) , gain-of-function of Nav1.7 results in debilitating painful disorders (4 -7) . Based on all available evidence, Nav1.7 is currently recognized as a prominent target for the development of new analgesic drugs, although recent evidence suggests additional involvement in regulating endogenous opioid systems (8, 9) . Nav1.7 belongs to the family of voltage-gated sodium channels that includes nine known members (Nav1.1-Nav1.9) with specific tissue localization and functional differences. These channels are vitally important for nerve conduction in the central and peripheral nervous system, skeletal muscle, and in the heart. Because they share the same domain structure and display overall amino acid sequence similarity, significant challenges exist in developing subtype-selective sodium channel inhibitors.
For these reasons, the search for novel Nav1.7 inhibitors has expanded from small molecules into biologics (10, 11) . Venom toxins, in particular, have been identified as promising therapeutic leads, because they are generally more potent and selective than small molecules (12) (13) (14) . Toxins from terrestrial and aquatic venomous species that influence sodium channel function fall broadly into two classes, according to their primary chemical composition: peptidic and non-peptidic compounds (15) . Small peptide toxins (microproteins) are significant components of the complex biologically active mixtures present in animal venoms. Their distinct disulfide-bridged compact structure provides unique physicochemical stability and high resistance to proteolytic degradation (16, 17) .
Among venomous animals, spiders represent by far the largest group of venomous species and are known to possess the most extensive array of microproteins with high potential therapeutic value (18) . The remarkable preponderance of potent and selective ion channel modulators brought spider venomderived peptides to the forefront of discovery for novel lead compounds to treat a variety of disorders (17) . Although there are ϳ73 identified spider microproteins with activity against * All authors were employees of Pfizer, Amunix, and Sutro Biopharma at the time of the study. The atomic coordinates and structure factors (code 5EPM) have been deposited in the Protein Data Bank (http://wwpdb.org/). vertebrate sodium channels, only some of these have been shown to have some activity toward Nav1.7, albeit their numbers are growing (19, 20) . Several studies were undertaken recently with the aim of improving potency, selectivity, stability, and bioavailability of venom-derived lead peptide compounds targeting Nav1.7 (19, (21) (22) (23) .
Here, we describe the generation of potent and selective molecules to block Nav1.7 with improved therapeutic properties. We selected ceratotoxin-1 (CcoTx1) (24) , an inhibitor of neuronal sodium channels isolated from the venom of the tarantula Ceratogyrus cornuatus, as a starting point to create CcoTx1 variants. We applied a combination of directed evolution, saturation mutagenesis, structure-activity relationship, and chemical modification to create potent and selective microprotein inhibitors of the Nav1.7 sodium channel.
Experimental Procedures
Design of Phylogenetic Libraries and Production of Microproteins by Recombinant Expression-A total of 13 original libraries were designed following phylogenetic approach, with low to high diversities (2-4 mutations per clone) and analyzed before expression. Next, round of libraries were designed based on the best active clones from round 1. To generate the library, DNA shuffling was performed according to the method described previously (25) . Briefly, degenerate primers incorporating a number of possible amino acids at specific positions representing active microproteins against the selected targets were generated. The primers are then introduced into an expression plasmid, and after expression and purification, microproteins are subjected to activity screening against the target. The best performing clones are then re-shuffled in a second evolution cycle, but then also tested against off-targets, thus obtaining data both on potency and selectivity.
Microproteins were cloned into in-house vector with T7 promoter OmpA for periplasmic expression, cellulose-binding domain as purification tag, tobacco etch virus protease splicing site, a small linker (GSGG), and the microprotein. They were expressed in Escherichia coli BL21 and induced with isopropyl 1-thio-␤-D-galactopyranoside when the A 600 Ն0.6, and expression was continued for additional 48 h at 26°C before harvesting. The libraries were expressed in 24-well plates and centrifuged, and the supernatant was loaded into cellulose beads (Perloza MT100). The beads were washed with TBS, and tobacco etch virus protease was added to cleave the microproteins from the beads. Eluted samples were then run on a SDS-PAGE, and concentration was determined by SDS-PAGE staining. The proteins with good expression were selected, and their concentration was normalized and later tested for activity on sodium channels by electrophysiology. The most active microproteins were expressed in 500 ml of culture and further purified by size exclusion chromatography (AKTA Prime System). They were then characterized by SDS-PAGE, reverse phase chromatography (C8 column), and MALDI-TOF.
Production of Microproteins by Cell-free Expression-To allow for production of the microproteins without N-terminal methionine, as well as to facilitate their purification, the pro-teins were cloned as His 6 -SUMO 11 fusions, which could be cleaved into the mature microprotein by SUMO proteinase (ULP) (26) . Cell extract preparation, plasmid construction, and cell-free expression were carried out as described previously by Malakhov et al. and Zawada et al. (26, 27) . Cell-free reactions were carried out in 48-well FlowerPlates (m2p labs) under shaking. Post cell-free expression, the microprotein fusions were purified via high throughput nickel-immobilized metal affinity chromatography using PhyTips (PhyNexus) according to the manufacturer's recommendations. The elution pools were buffer exchanged into 274 mM NaCl, 8 mM KCl, 10 mM HEPES, 3.8 mM CaCl 2 , 2 mM MgCl 2 , 20 mM glucose, 20 mM sucrose, pH 7.4, via desalting on Zeba Spin Desalting Plates (Thermo Fisher, catalog no. 89807) and subsequently treated with SUMO protease (Invitrogen, catalog no. 12588-018) overnight. SUMO protease and cleaved His 6 -SUMO were separated from the microprotein by scavenging chromatography on Q-Sepharose Fast Flow (GE Healthcare) by addition of Q-resin slurry to the microplates containing the desalted and SUMO-cleaved microprotein. Finally, the purified microprotein pools, recovered from the slurry supernatant, were adjusted to 137 mM NaCl, 4 mM KCl, 10 mM HEPES, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM sucrose, pH 7.4, by 2-fold dilution with 10 mM HEPES, pH 7.4, to match the buffer conditions of the QPatch electrophysiology assay.
Production of Microproteins by Chemical Synthesis and Oxidative Refolding-Microprotein variants were chemically synthesized by Elimbio by standard Fmoc (N-(9-fluorenyl)methoxycarbonyl) peptide synthesis protocols and delivered as HPLC-purified lyophilized product. Subsequently, lyophilized microproteins were solubilized in 100 mM Tris, pH 8.0, 150 mM NaCl at a concentration of about 0.5 mg/ml (ϳ125 M). A mixture of reduced (G4705 Sigma) and oxidized glutathione (G4376 Sigma) (GSSG) was added for oxidative refolding to a final concentration of 2 mM each. After incubating the solution at 4°C overnight, the pH was adjusted to pH ϳ3 by adding TFA (roughly 1-2%). The refolded peptide was purified on a semipreparative column Vydac 4.6-mm C18 using a gradient from 10 to 60% buffer B over 65 min (0.1% TFA; 90% acetonitrile). Fractions corresponding to the main peak were selected and tested for activity by electrophysiology. Large scale preparations were performed based on the described protocol by CPC Scientific. The molecular masses of the microproteins were as follows: CcoTx1 Da. During the biophysical characterization of CcoTx1 variants, we noticed the presence of oxidized methionine; the oxidation increased over time and had a negative impact on the potency of the microproteins. For this reason, we replaced methionine at position 5 with isoleucine to remove the oxidation liability, resulting in D1Z/M5Ia variant. This substitution was selected based on the saturation mutagenesis data and had little impact on potency and selectivity. No oxidation of tryptophan residues was observed under tested conditions. Crystallization and Structural Determination-Monoclonal antibody 6F1 was generated against the leading clone 2670 by standard hybridoma methods (28) . Fab 6F1 was mixed 1:1 with 2670 to form the complex, and the complex was purified by size exclusion chromatography. The 6F1-Fab⅐2670 complex was concentrated to 7 mg/ml and mixed with reservoir solution at 1:1 volume ratio for crystallization by the hanging drop vapor diffusion method at 22°C. Reservoir solution was 0.1 M zinc acetate, 0.08 M sodium cacodylate, pH 6.5, 14% polyethylene glycol 8000, and 20% glycerol. Crystals were directly flash-frozen in liquid nitrogen prior to data collection. X-ray diffraction data from crystals were collected at 100 K at the Advanced Light Source (ALS) beamline 5.0.2 at Lawrence Berkeley National Laboratory. The crystals belong to the space group P2 1 2 1 2 1 with unit cell dimensions a ϭ 97.32 Å, b ϭ 98.44 Å, and c ϭ 107.35 Å and diffracted to 1.75 Å (supplemental Table 1 ). All diffraction data were processed with DENZO and SCALE-PACK (29) . The structure of the 6F1-Fab⅐2670 complex was solved by molecular replacement using mouse IgG1 (PDB code 2VL5) and Hainantoxin-IV (PDB code 1NIY) as search models using PHASER (30) . Model construction and rebuilding were performed using COOT (31) . The structure of the 6F1-Fab⅐2670 complex was refined using REFMAC5 (32) in the CCP4 software suite (33) , which reduced the R and R free values to 19.03 and 21.89%, respectively. The coordinates for the structure have been deposited in the PDB (PDB code 5EPM).
Electrophysiology-Ion channel currents were recorded using either an automated patch clamp system QPatch HT (Sophion, Biolin Scientific, Denmark) or a conventional patch clamp setup employing an EPC 10 patch clamp amplifier (HEKA Electronik GmbH, Germany).
QPatch Electrophysiology-Both single-hole and 10-hole QPlates with an integrated 250-l waste container (QPlate 48L or 48X) were used enabling washes and application of multiple concentrations/compounds per well. Compounds were added to the cells with the eight pipettes via the QPlate integrated glass microfluidic pathways. For selectivity screens on ligandgated channels, 5 l of ligand was added for 3 s followed by washout (six times 5 l of saline). Test compounds were typically preincubated for 345 s prior to agonist addition. The ligand-induced currents were acquired at 5 kHz for 5 s. During whole-cell recording, the membrane potential was held at Ϫ90 mV. The extracellular recording solution contained (in mM) 137 NaCl, 4 KCl, 10 HEPES, 1.8 CaCl 2 , 1 MgCl 2 , 10 glucose, 10 sucrose, adjusted to pH 7.4. The intracellular solution contained (in mM) 130 CsF, 10 NaCl, 5 EGTA, 10 HEPES, 4 Na 2 ATP, 0.1 Tris-GTP, adjusted to pH 7.2. All QPatch data were analyzed using Sophion's QPatch Assay software. Results are presented as means Ϯ S.E.
Manual Patch Clamp Electrophysiology-Coverslips carrying cells were placed in a recording chamber and were constantly perfused at a rate of 0.5 ml/min with extracellular solution containing (in mM) 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, and 10 glucose (pH 7.4, 320 mosmol). Patch electrodes were pulled from borosilicate glass and fire-polished to 3-10megohm tip resistance. The internal pipette solution (ATPregenerating solution, pH 7.3, 300 mosmol) consisted of (in mM) 100 KCl, 2 MgCl 2 , 5 MgATP, 0.1 GTP, 15.5 phosphocrea-tine, 50 units/ml creatine phosphokinase, 10 1,2-bis(2-aminophenoxy)ethane-N,N,N,N-tetraacetic acid, tetrapotassium salt, and 10 HEPES. All recordings were made at room temperature (22-24°C) using an EPC 10 patch clamp amplifier (HEKA Electronik GmbH, Germany). Cells were voltage-clamped at Ϫ90 mV, and control test responses were routinely recorded for a minimum of 10 min to ensure that the amplitude and kinetics of the response were stable. Data acquisition and analysis were performed with Pulse-PulseFit (HEKA Electronik GmbH, Germany) and IgorPro (WaveMetrics, Portland, OR). Compounds were applied to individual cells using a gravity-fed perfusion system. All reagents were purchased from Sigma unless otherwise noted. All data are expressed as means Ϯ S.E.
Cell Culture-Cell lines recombinantly expressing particular ion channels were obtained from Pfizer's own cell line depository. Cells were thawed from frozen stocks and were grown in the appropriate culture media supplemented with required selection antibiotics in 75-cm 2 Falcon culture flasks in an incubator at 37°C and 6% CO 2 with saturating humidity. The cells were used for electrophysiological recordings after 2-3 days culturing. For an automated patch clamp recording on the QPatch HT system, the cells were dissociated with enzymatic detachment solution Detachin (Genlantis, San Diego) and resuspended in serum-free medium supplemented with 25 mM HEPES and 1% penicillin/streptomycin (Mediatech, Manassas, VA). HEK293 cells stably expressing human Nav1.7 were grown in DMEM (catalog no. 10-01-CM, Mediatech, Manassas, VA), 10% FBS (JRScientific, Woodland, CA), 500 g/ml G418 sulfate (Mediatech).
Results
Overview of the Microprotein Engineering Process-To engineer microproteins with high potency and selectivity toward Nav1.7, we utilized a combination of directed evolution (25), saturation mutagenesis (34), and chemical modification. We first established CcoTx1 as our starting molecule for directed evolution and developed a strategy for potency and selectivity screening. Next, we applied multiple cycles of directed evolution to generate molecules with better potency and specificity to Nav1.7. After each cycle, clones were tested on their activity toward Nav1.7 as well as Nav1.2 and Nav1.6 for selectivity. A careful evaluation of the amino acid sequences and the IC 50 data resulted in the selection of variant 2670 as the molecule with the most improved characteristics. To explore the sequence space not sampled by the directed evolution, we performed an exhaustive saturation mutagenesis on the 2670 variant. We solved the structure of 2670 and analyzed the comprehensive mutagenesis data in the context of the structure. In addition to amino acid sequence variations, we also explored the effects of post-translational modifications such as C-terminal amidation and N-terminal pyroglutamate. Finally, we selected point mutations based on saturation mutagenesis data and combined them by utilizing the determined structure to yield the final candidates. Each step of this multipronged strategy is described in more detail below.
Establishing CcoTx1 as Starting Molecule for Directed Evolution-To identify the best starting molecules for directed evolution, we tested the activity and expression in E. coli of 16
Engineering of Potent and Selective Nav1.7 Inhibitors naturally occurring microproteins known to have activity against voltage-gated sodium channels. Because of the difficulty in expressing highly disulfide-linked microproteins, we explored several expression strategies, fusion proteins, and expression conditions. The most promising approach we found was to utilize the cellulose-binding domain as the fusion protein connected by GSGG linker at the N terminus of the venomderived peptide. Four microproteins (CcoTx1, Huwentoxin-4, Hainantoxin-4, and Phrixotoxin-3) showed good expression, folding, and activity against Nav1.7 channel and were selected for initial directed evolution experiments ( Fig. 1A) .
Among the tested microproteins, CcoTx1 emerged as the most promising starting point due to its well behaved expression and good selectivity toward Nav1.4 and Nav1.5 channels. Selectivity against Nav1.4 and Nav1.5 is critical due to their predominant expression in skeletal (Nav1.4) and cardiac (Nav1.5) muscles. CcoTx1 was therefore used as the backbone for the construction of the initial phylogenetic libraries (see under "Experimental Procedures").
Selectivity Counter-screening Strategy-In hope to better understand the molecular mechanisms of the interaction between CcoTx1 and Nav1.7 and guide the selection of additional channels for selectivity screening, we set out to identify the binding site of CcoTx1 on the Nav1.7 channel. To this end, we introduced HA tags (YPYDVPDYA sequence) at selected locations in the extracellular loops of the Nav1.7 channel ( Fig.  1B) and tested channel activity in the presence and absence of CcoTx1. Out of the Nav1.7 constructs that retained activity, CcoTx1 was no longer able to inhibit the Nav1.7 construct M2, indicating that CcoTx1 likely interacts with the S3-S4 loop of domain DII (also called site 4). The same site has been identified also for other toxins (35-43). A, amino acid sequence alignment of microproteins included in the initial screening. CcoTx1 and three other molecules were selected for designing the initial libraries on which directed evolution was performed. B, schematic diagram of Nav1.7 with general domain structure. The locations of the four HA tag constructs (M1-M4) that retained a functional Nav1.7 channel are shown. M1 denotes insertion of the GSYPYDVPDYAGS sequence after residue 770, M2 after residue 829, M3 after residue 902, and M4 after residue 1540 (Uniprot Q15858). C, time course of Nav1.7 current block by 250 nM CcoTx1 in HEK293 cells transiently transfected with HA tag-modified Nav1.7 channels. HA tag insertion into the channel extracellular loops S1-S2/D2 (construct M1), S5-S6/D2 (construct M3), or S1-S2/D4 (construct M4) has no influence on CcoTx1 inhibition; however, HA tag insertion into the extracellular loop S3-S4/D2 (construct M2) abolishes the blocking activity of CcoTx1. The manual whole-cell patch clamp technique was used to record Nav1.7 currents. Nav1.7 currents were evoked by a 15-ms step depolarization to 0 mV every 10 s from a holding potential of Ϫ90 mV. Data are presented as normalized peak current amplitude versus time. Currents were normalized to the maximum amplitude of control peak current. The solid line indicates the time of compound application. D, amino acid sequence alignment of the S3-S4 region of domain 2 (D2) for several sodium channels (Nav1.1-Nav1.8). Main differences in Nav1.7 are highlighted.
Engineering of Potent and Selective Nav1.7 Inhibitors
Based on the local amino acid sequence differences in the DII domain, overall amino acid sequence conservation, as well as lack of selectivity of CcoTx1 toward Nav1.2 and Nav1.6, we selected these two channels for routine selectivity screening to assess the feasibility of developing subtype-selective Nav1.7 inhibitors.
Sodium channels subtypes Nav1.3, Nav1.8, and Nav1.9 have also been reported to be involved in pain signaling. Inhibition of these channels might be a desirable off-target effect,, and therefore we did not include these channels in routine selectivity screening. CcoTx1 showed only very modest inhibition of Nav1.4 and Nav1.5 in our initial experiments; therefore, these channels were only intermittently monitored for undesired activity. In addition to sodium channels, we also tested selectivity against an extensive panel of other ion channels ( Table 1) to ensure that other classes of ion channels were not targeted by the engineered microproteins.
Generation of a Potent Inhibitor to Nav1.7 by Directed Evolution-To improve potency and selectivity of CcoTx1, we applied three rounds of directed evolution. During the first round, we generated several protein libraries based on CcoTx1 with diversity introduced based on three other molecules (Huwentoxin-4, Hainantoxin-4, and Phrixotoxin-3). More than five thousand microproteins from the initial libraries were expressed and purified in high throughput format and tested for Nav1.7 channel inhibition activity at a single concentration of 100 nM using an automated patch clamp system (QPatch).
Overall, 184 microproteins from the first cycle of directed evolution (round 1) showed activity comparable with or better than wild-type CcoTx1. IC 50 values were then determined for the active microproteins in dose titration studies using QPatch. Finally, microproteins with confirmed potency to Nav1.7 were tested for selectivity to other voltage-gated sodium channels.
One of the criteria for selecting CcoTx1 as a starting point was its good selectivity to Nav1.4 and Nav1.5. We therefore continued to monitor the lack of activity toward Nav1.4 and Nav1.5 but utilized the closely related Nav1.2 and Nav1.6 channels for stringent selectivity screening. The activity of the selected variants on Nav1.7, Nav1.2, and Nav1.6 from round 1 are shown in Fig. 2, A and B (black dots) . Compounds with increased potency to Nav1.7 and decreased potency to Nav1.2 and Nav1.6 were selected for a second cycle of directed evolution. Phylogenetic libraries were built based on the best clones, and the screening process was repeated as described in round 1. Rounds 1 and 2 (Fig. 2, A and B, black and blue dots) produced a limited number of more potent and selective clones. Therefore, we decided to introduce additional diversity at selected positions in the library (round 3; see under "Experimental Procedures" for details). This appeared to help to gain additional potency (Fig. 2, A and B, red dots) and suggested that introducing additional diversity not represented in the phylogenetic tree might be beneficial.
Surprisingly, analysis of potency and selectivity data on a per position basis (Fig. 2, C-F) showed that, even in the context of Engineering of Potent and Selective Nav1.7 Inhibitors multiple mutations per molecule, selectivity trends and preferences of some amino acids could be observed. For example at position 5, methionine showed better selectivity toward Nav1.7 over Nav1.2 relative to tryptophan (Fig. 2C) . Similar observations could also be made for glutamine at position 12 ( Fig. 2D ) and arginine at position 20 ( Fig. 2E ). Not all positions showed preferences as exemplified by position 32 where neither aspartate nor lysine can be associated with high selectivity (Fig. 2F) . A comprehensive analysis of amino acids at all positions was not possible at this stage due to the biased sampling of the sequence space by the phylogenetic shuffling approach and limitations on the number of potency and selectivity measurements. Hence, we selected one of the best molecules from round 3 of the directed evolution approach (named 2670) and exhaustively explored the sequence space by single amino acid substitution saturation mutagenesis. A, potency scatter plot (IC 50 Nav1. 7 versus IC 50 counter-screening channel Nav1.2) of molecules generated by directed evolution experiments. B, same plot as in A, but with Nav1.6 as counter-screening channel. The starting molecule (CcoTx1) and the molecule selected for saturation mutagenesis and optimization (2670) are depicted in yellow. Increased potency and selectivity are highlighted by black arrows. The three rounds of directed evolution are color-coded black (round 1), blue (round 2), and red (round 3). C-F, certain amino acids that increase selectivity are preferentially found in some positions. Position-specific potency scatter plots are shown (Nav1.7 versus Nav1.2), where each compound's potency on the two channels is represented with a letter corresponding to the amino acid at that specific position. Positions 5, 12, and 20 (C and D) show good separation between amino acids, suggesting clear selectivity preferences. The plots indicate that a methionine achieves better selectivity than tryptophan at position 5; glutamate achieves better selectivity than lysine at position 12, and arginine achieves better selectivity than tyrosine at position 20. In contrast, at position 32 (F), no strong separation is observed between aspartate and lysine.
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Optimization of 2670 Properties by Saturation Mutagenesis-To further improve potency and selectivity to Nav1.7, we decided to switch to a semi-rational approach based on saturation mutagenesis and structure-activity relationship. To take full advantage of the saturation mutagenesis, we switched to a cell-free expression system that allowed more control of the expression and folding conditions and resulted in a higher percentage of properly folded and active variants (see "Experimental Procedures").
When designing the strategy for saturation mutagenesis, we avoided modifying or introducing additional cysteines to retain the proper disulfide structure of these microproteins. More specifically, we mutated all of the 27 non-cysteine amino acids to all the other 18 amino acids for a total of 486 compounds. About 93% (453 out of 486) of the designed compounds expressed at a workable concentration (Ͼ10 nM) in a 96-well format and were tested for activity on Nav1.7 using an automated patch clamp system QPatch (Fig. 3 ). Approximately 60% (274 compounds) of the molecules showed IC 50 of 100 nM or better against Nav1.7 channel suggesting good structural robustness of the CcoTx1 scaffold.
Analysis of the mutants showed that 83 compounds had improved potency compared with 2670 (better than 25 nM), and 14 of these compounds had potency better than 12. Compounds with good potency to Nav1.7 (IC 50 Ͻ100 nM), were counter-screened against sodium channels Nav1.2 and Nav1.6 using an automated patch clamp system QPatch (supplemental Fig. 1, A and B) . Overall, most compounds presented a reduced potency to Nav1.2 and Nav1.6. Specifically, the IC 50 value for Nav1.2 ranged from 23.6 to 1460 nM with an average IC 50 value of 275 nM, almost twice the Nav1.2 IC 50 value for 2670 (146 nM). Similarly for Nav1.6, the IC 50 value ranged from 15.5 to 891 nM with a population average of 128 nM slightly higher than the Nav1.6 IC 50 value of 2670 (92 nM). We found 39 compounds with better potency to Nav1.2 and there were 79 with better potency to Nav1.6.
We also evaluated these data in terms of fold selectivity rather than IC 50 values (supplemental Fig. 2, A and B) and compared this to the starting 2670 microprotein. The fold selectivity was calculated by dividing the IC 50 for Nav1.2 or Nav1.6 by the IC 50 on Nav1.7. Through this analysis we identified 63 compounds with improved selectivity for Nav1.7 over Nav1.2. Out of these compounds, 21 were better by a factor of 2 or more. Similarly, there were 108 compounds with improved selectivity for Nav1.7 over Nav1.6 with 24 having selectivity improved by a factor of 2 or more. Out of these 24, 14 have also improved selectivity to Nav1.7 over Nav1.2 channel. 
Effects of Post-translational Modification on Potency and
Selectivity of D1I-Before starting to combine single amino acid substitutions to further improve potency of the lead molecule, we investigated chemical modifications known to affect the activity of naturally occurring microproteins. Amidation of the C terminus is known to affect activity for several of the microproteins isolated from spider and snake venoms (35) . Our saturation mutagenesis data show that the C terminus of 2670 does not tolerate many substitutions and likely interacts directly with the Nav1.7 channel. In contrast, extension of the C terminus with additional amino acids did not significantly affect its activity (data not shown). It was therefore unclear whether C-terminal amidation of lead compounds would have any effect on potency and selectivity. To investigate the effect of amidation on CcoTx1-like microproteins, we turned to chemical synthesis followed by refolding to generate an amidated 2670 (denoted as 2670a). In addition we selected a molecule named D1I from the saturation mutagenesis study. D1I is a variant with a better activity and selectivity profile and is identical to 2670 except that the aspartate at the first position is replaced by isoleucine. Its amidated version is referred to as D1Ia. The addition of a C-terminal amidation to both 2670 and D1I significantly increased their potency to Nav1.7 by a factor of 6.2 (from 25.1 Ϯ 1.3 to 4.1 Ϯ 1.7 nM) and 5.3 (from 10.6 Ϯ 1.8 to 2.0 Ϯ 0.2 nM), respectively (Fig. 4, A and B) . When we introduced C-terminal amidation in other compounds of the CcoTx1-like family (data not shown), we also noticed a similar boost in potency by a factor of 5-10.
We next asked the question whether the effect of the C-terminal amidation is specific for Nav1.7 or whether it translates in a similar manner to other Nav channels. Potency for Nav1.2 increases upon amidation by a factor of 2.5 for 2670 (from 146.3 Ϯ 9.9 to 58.8 Ϯ 9.4 nM) and by a factor of 2.1 for D1I (from 162.9 Ϯ 52 nM to 77.3 Ϯ 8.6 nM). Potency for Nav1.6 increases FIGURE 4. A and B, time course of Nav1.7 current block by the non-amidated and amidated variants of compounds 2670 and D1I in HEK293 cells stably expressing the human Nav1.7 channel. The manual whole-cell patch clamp technique was used to record Nav1.7 currents. Nav1.7 currents were evoked by a 15-ms step depolarization to 0 mV every 10 s from a holding potential of Ϫ90 mV. Currents were normalized to the maximum amplitude of control peak current. Data presented as normalized peak current amplitude versus time. The time of compound application is indicated by solid line. C and D, effect of amidation for 2670 and D1I illustrated in selectivity plots. Amidation increases potency for both compounds on Nav1.7 but also on Nav1.2 and Nav1.6. Improvement in potency is accompanied by selectivity benefits against Nav1.2 but not Nav1.6. JULY 1, 2016 • VOLUME 291 • NUMBER 27 JOURNAL OF BIOLOGICAL CHEMISTRY 13981 by a factor of 6.6 for 2670 (from 92.1 Ϯ 6.8 to 13.9 Ϯ 2.6 nM) and 4.3 for D1I (from 65.5 Ϯ 9.2 to 15.1 Ϯ 1.0 nM). From these data, it appears that the C-terminal amidation of these variants not only gives a significant potency improvement but also provides selectivity benefits against Nav1.2 but not Nav1.6 channels (Fig.  4, C and D) .
Engineering of Potent and Selective Nav1.7 Inhibitors
We also introduced N-terminal pyroglutamate, as this modification was reported to enhance binding strength to the sodium channel of Huwentoxin-IV (44), a microprotein in the same family as CcoTx1 (35) . CcoTx1, like other site 4 microproteins (binding to S3-S4 linker of domain II) (36 -38) , can be effectively dislodged from its binding site on the Nav1.7 channel by strong depolarization (23, 44) . In our studies, 5 nM D1Ia induced almost complete block of Nav1.7 current after a 20-min application; however, a subsequent positive depolarizing pulse to ϩ50 mV for 1 min has reversed the blocking effect of D1Ia by 83 Ϯ 10% (n ϭ 5) (supplemental Fig. 3A) . In contrast, in the same experiment inhibition of Nav1.7 induced by the variant containing N-terminal pyroglutamate was reversed by positive depolarizing pulse by only 56 Ϯ 20% (n ϭ 5) (supplemental Fig. 3B ) indicating a moderate increase in microprotein binding strength. Additionally, both the selectivity and potency of N-terminal pyroglutamate variant for Nav1.7 channel remained similar to D1Ia so we decided to continue with the N-terminally modified variant (D1Za).
Broad Selectivity Screening-To check the selectivity more broadly, we tested one of the lead compounds (D1Ia) against a large panel of channels, including various sodium channels (Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, Nav1.7, and Nav1.8), Nav1.7 from different species (human, monkey, dog, rat, and mouse), potassium channels (KCNQ2/3, KCNQ3/5, KCNQ4, Kir2. , purinergic receptor channels (P2X1, P2X2, P2X3, P2X4, and P2X7), transient receptor potential channels (TRPA1, TRPM8, TRPV1, and TRPV6), hyperpolarization-activated cyclic nucleotidegated channels (HCN1, HCN2, and HCN4), GABA receptor ligand-gated ion channels (GABA-A1 and GABA-A5), chloride channels (CFTR and CLC-1), acid-sensing ion channels (ASIC1a and ASIC3a), and serotonin receptor ligand-gated ion channels 5-HT3A. This broad selectivity screen was performed on an automated patch clamp system QPatch by using established voltage-gated or ligand application protocols for particular channel types (ChanTest.com). The data shown in Table 1 represent a list of ion channels on which the lead compound D1Ia was tested. The D1Ia concentration used in testing, the calculated IC 50 value or % of block (Ϫ denotes potentiation), and the number of replicates (w denotes use of 10 holes wells on QPatch plates) are shown for each channel. D1Ia up to the highest concentration tested (1 M) was without effect on HERG channels. D1Ia generally showed little activity on most channels tested even at a high concentration of 1 M with the exception of limited activity on Kv4.3 (IC 50 180 nM), Cav1.2 (41% block at 1 M), and hTRPA1 (36% block at 1 M) channels.
Structure of 2670 -We first attempted to combine the best mutants from the saturation mutagenesis and created a panel of double mutants in the hope of further improving the potency and selectivity. To our surprise, the double mutants were not significantly better than the single substitutions (supplemental Fig. 4 ). To better understand the saturation mutagenesis data in the context of the three-dimensional structure of these microproteins and to improve our ability to combine mutations in a more productive way, we decided to solve the crystal structure of variant 2670.
Venom peptides of the same family have been difficult to crystallize, and the currently known structures of Huwenoxin-IV, Hanatoxin-I, Hainantoxin-IV, SGTx1, and GrTx (42, (45) (46) (47) (48) (49) were determined by NMR techniques. We utilized a different approach and generated a high affinity antibody with a low dissociation rate and obtained a high resolution x-ray crystal structure of 2670 in complex with the Fab fragment of this antibody (supplemental Table 1 ). The structure of the 2670 variant in complex with the Fab fragment is shown in Fig. 5, A  and B . 2670 adopts an inhibitor cystine knot motif common to inhibitory peptides (50) . The backbone of 2670 superposed to Hainantoxin-IV and Huwentoxin-IV is shown in Fig. 5 , C and D, and resulted in ϳ0.6 and ϳ0.9 Å r.m.s.d. for 31 C␣ atoms, respectively. Although the backbones of the three cysteine knot molecules are similar, the overall shape of these small proteins is highly impacted by even a small number of side chain substitutions (supplemental Fig. 5) .
Combining Mutations and Selection of Final Molecules-The structure of 2670 allowed a more refined interpretation of the saturation mutagenesis data for the inhibition of Nav1.7. We first identified the residues that make significant contributions to the binding to Nav1.7 by calculating the percentage of substitutions with potency decreased by a factor of 2 or more relative to 2670. Eleven positions (residues 5-6, 19 -20, 23, 26, 28, and 30 -33) have at least 75% of substitutions with decreased potency and were mapped on the structure of 2670 (Fig. 5, E and  F) . An additional four positions (residues 3, 11, 14, and 21) that have 50 -75% of substitutions with decreased potency are also shown. The data clearly show a well defined interaction patch defining the likely orientation of the interaction with Nav1.7. The interaction region is composed of several hydrophobic residues (Met-5, Phe-6, Trp-28, Trp-31, and Leu-33), as well as other polar or positively charged residues (Arg-19, His-26, Lys-30, and Lys-32). Leu-20 and Ser-23 likely play a structural role and might not contribute directly to the binding. Comparison of 2670 interacting residues and previously published data on Hainantoxin-IV (41) and Huwentoxin-IV (42) is shown in supplemental Fig. 6 .
Next, we identified residues that had a significant impact on selectivity but were not part of the main Nav1.7 interaction interface (positions 18, 24, and 27) ( Figs. 3 and 5, E and F) . We further hypothesized that due to the small size of the CcoTx1, combining single mutants that are in close proximity might produce unexpected results, so we combined mutants that were on the opposite sides of the molecule. With this approach, we selected (K18Y/R24K) and (R27N) as potential mutants to test in combination with the lead amidated D1Z/M5I microprotein (D1Z/M5Ia). We found that addition of K18Y/R24K or R27N provided significant selectivity improvement without loss in Nav1.7 potency (Fig. 6A ).
Our entire protein engineering process to obtain selective and potent Nav1.7 microproteins is summarized in Fig. 6A . Our most selective compound has an IC 50 to Nav1.7 of 2.5 nM, which is an ϳ30-fold improvement over the parental CcoTx1 molecule. The selectivity of the closely related channels Nav1.2 and Nav1.6 is 80-and 20-fold, respectively (IC 50 on Nav1.2 of 186 -200 nM and IC 50 on Nav1.6 of 50 -60 nM). The final molecules were also tested against the Nav1.4 and Nav1.5 channels expressed in skeletal and cardiac muscles (Fig. 6, B and C) . The final molecules show great selectivity against these critical channels, where half-maximal inhibition was not achieved even at 3000 nM concentration, giving us more than 1000-fold selectivity against Nav1.4 and Nav1.5.
Discussion
Microproteins from venoms are an obvious choice for the development of ion channel blockers as they naturally evolved to modulate ion channels. The main drawback with natural occurring microproteins, however, is that they are usually not specific to the therapeutic targets of interest. To improve specificity and potency, we utilized a combination of directed evolution and saturation mutagenesis coupled with structural Functional epitope is defined as all positions for which the fraction of substitutions worsening potency by a factor 2 or more is larger than a threshold (blue, at least 75%; cyan, 50 -75%). JULY 1, 2016 • VOLUME 291 • NUMBER 27
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activity relationship design to engineer highly potent and selective microproteins against Nav1.7.
The directed evolution strategy has been successfully applied in the past to evolve enzymes with high specificity (25, 51) and served as our initial approach. In a typical directed evolution screening, high throughput assays are necessary to explore libraries of large diversity. Although high throughput electrophysiology has come a long way in the last decade, the throughput of these functional assays cannot match the throughput of display technologies such as phage or yeast display.
To gain potency and selectivity, we took advantage of phylogenetic libraries that allow exploration of an optimized amino acid sequence space and can sample amino acid sequences with higher functional probability. This approach allowed us to explore multiple mutations simultaneously but at a price of exploring an amino acid sequence landscape that is relatively close to the natural microproteins.
This limitation led us to further improve the evolved microproteins by adding saturation mutagenesis. Interestingly, the results from saturation mutagenesis show a great tolerability of the CcoTx1 fold to mutations. Out of all the microproteins designed, 93% express well in a high throughput cell-free expression system, with no optimization for the individual compounds. Almost two-thirds of the tested compounds inhibited Nav1.7 with IC 50 of 100 nM or better. Saturation mutagenesis, when compared with phylogenetic exploration of the sequence space, has the advantage to exhaustively cover all of the possible single-amino acid substitutions, but only one at a time. We solved the crystal structure of one of the CcoTx1 variants developed in our study and utilized the structureactivity relationship analysis to identify mutations that were additive and combined these to generate microproteins with improved properties.
In summary, we utilized naturally occurring microprotein CcoTx1, which has good activity against the established pain target Nav1.7. One of the critical properties to select CcoTx1 as a starting point to engineer potent analgesics was its low activity against Nav1.4 and Nav1.5 channels. We further evolved CcoTx1 to be more active and selective by combination of semirational approaches and achieved high potency against Nav1.7 (2.7 nM) with more than 1000-fold selectivity against Nav1.4/ Nav1.5 and 80/20-fold selectivity against some of the most closely related Nav1.2 and Nav1.6 channels. The lead molecules have the potential for future clinical development as promising therapeutics for the treatment of pain.
